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Resonant control of spin dynamics in ultracold quantum gases by microwave dressing
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We study experimentally interaction-driven spin oscillations in optical lattices in the presence of
an off-resonant microwave field. We show that the energy shift induced by this microwave field
can be used to control the spin oscillations by tuning the system either into resonance to achieve
near-unity contrast or far away from resonance to suppress the oscillations. Finally, we propose a
scheme based on this technique to create a flat sample with either singly- or doubly-occupied sites,
starting from an inhomogeneous Mott insulator, where singly- and doubly-occupied sites coexist.
PACS numbers: 03.75.Mn,03.75.Lm,03.75.Qk
The fact that coupling an atomic system to a strong
radiation field can modify its level structure is well-
known, leading to such effects as the Autler-Townes dou-
blet or the Bloch-Siegert shift (see, e.g., [1]). Today,
this phenomenon is often explained in a dressed-atom
picture, where the bare atomic states are replaced by
eigenstates of the total atom-plus-field system. For cold
atoms, this picture helps to understand how magnetic
trapping potentials can be engineered with off-resonant
radio-frequency or microwave radiation [2], allowing for
example to create nearly two-dimensional [3] or double-
well trapping potentials [4, 5].
Here, we show how an off-resonant microwave field
(hereafter called dressing field) can be used for coher-
ent control of the dynamics of a spinor quantum gas.
Ultracold gases with internal (spin) degrees of freedom
[6] are novel quantum systems where atom-atom inter-
actions play a key role. In an optically trapped gas of
spin-f = 1 atoms, spin-dependent interactions can pro-
mote an atom pair from an initial two-atom state ,where
both atoms are initially in the m = 0 magnetic sublevel,
to a final state with one atom in m = +1 and the other
in m = −1 [7, 8, 9, 10, 11]. The coherence of this process
was demonstrated in [12, 13] for atom pairs in optical
lattices and in [14, 15] for a seeded Bose-Einstein con-
densate. In the former case, the dynamics is controlled
by the energy mismatch, or detuning, between the ini-
tial and final spin states of the colliding atom pair. This
detuning originates not only from different quadratic Zee-
man shifts in the initial or final two-atom states, but also
from different interaction energies. If positive, as in 87Rb
[10, 13, 15], this “residual” interaction detuning prevents
to reach the resonance for spin oscillations by magnetic
means.
In this paper, we show how to tune the spin oscillations
in and out of resonance using the energy shift induced by
an off-resonant dressing field (see Fig.1). We apply this
technique to an ensemble of atom pairs in a deep optical
lattice and initially polarized in the m = 0 sublevel. We
show that the conversion to an ensemble ofm = ±1 pairs
can be achieved with near unit efficiency, even in a finite
magnetic field. The significance of this work goes beyond
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FIG. 1: An off-resonant microwave field with approximately
pi-polarization and frequency ωµw ((a)) is used to control the
detuning for coherent spin oscillations in optical lattices. Case
(b1) corresponds to zero or weak microwave intensity. With
properly chosen microwave parameters, one can compensate
this detuning and achieve full resonance (b2) or overcompen-
sate to suppress the spin-changing collisions (b3).)
the topic of spin oscillations in optical lattices. Control-
ling the spin oscillations enables one to use them as a
tool for quantum state detection, preparation or manip-
ulation. In a separate paper, we have described how this
technique can be used to probe atom number statistics
across the superfluid to Mott insulator (MI) transition
[16]. We propose here to use it in order to create an
homogeneous MI with singly-occupied sites out of a in-
homogeneous system where singly- and doubly-occupied
sites coexist.
In our case, the microwave is relatively weak, so that
the dressed states almost coincide with the bare atomic
states and the level shifts can be calculated perturba-
tively [1]. We consider a 87Rb atom in a constant and
homogeneous magnetic field B, plus an arbitrary po-
larized microwave field with amplitudes {B(µw)q }q, with
q = 0,±1 for π and σ± polarizations, respectively. Far
from any hyperfine resonance, we find the level shift for
the state |F = 1,m〉 as
∆Em ≈ ~Ω
2
pi
4∆
fm
(
x =
µBB
~∆
)
. (1)
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FIG. 2: (a) Absorption image of an expanded cloud after
tosc = 0 ms (upper image) and tosc = 15 ms (lower image).
The dashed line indicates the box used to fit the m = 0 com-
ponent. (b) Horizontal cut through the lower image in (a)
(black line). Subtracting a Gaussian fit (red dashed line) to
the m = 0 component yields a new image (blue line) used to
count separately the population in m = ±1 by integration.
In Eq. (1), ∆ = ωµw − ωhf denotes the microwave de-
tuning, where ωµw is the microwave frequency and where
ωhf is the hyperfine frequency splitting in the 5S1/2 man-
ifold of Rubidium 87. We have introduced the Rabi
frequency Ωpi = µBB
(µw)
pi /~ for the π-polarized transi-
tion, with µB the Bohr magneton, and assumed that
x = µBB/~∆≪ 1. The function
fm(x) =
∑
q
3Cm,q
4
Iq
Ipi
1
1− (m+ q2 )x
, (2)
accounts for different microwave polarizations and the
multi-level structure. Here Cm,q = |〈F = 1,m; 1, q|F =
2,m + q〉|2 are square moduli of Clebsch-Gordan coef-
ficients, and Iq is the intensity of the q−polarized mi-
crowave component. We calibrate the microwave intensi-
ties for each polarization q by driving fast, single-particle
Rabi flopping between the hyperfine states |F = 1,m =
−1〉 and |F = 2,m = −1 + q〉. From this, we obtain
Iσ−/Ipi ≈ 0.33 and Iσ+/Ipi ≈ 0.02 for our experimental
parameters. The peak Rabi frequency observed in our
experiment is Ωpi = 2π × 82(1) kHz.
To observe the microwave-induced shift, a MI of
around 2 × 105 Rb atoms is first created in the |F =
1,m = −1〉 Zeeman sublevel. This MI is held in a purely
optical lattice potential at a magnetic field of 1.2 G. In
this work, we use a typical lattice depth of 40Er, with
Er = h
2/2Mλ2 and λ = 840nm the lattice laser wave-
length. After an experimental phase described below and
a 12-ms-long free expansion including a magnetic gradi-
ent pulse, we detect the population in each Zeeman sub-
level as shown in Fig. 2 [12, 13]. We find the population
in the m = 0 sublevel by fitting a Gaussian function to a
restricted area, by substracting it from the data, and by
integrating over the cloud areas to find the populations
in m = ±1 (see Fig. 2).
The main topic of this paper is the study of spin dy-
namics in a dressing field. In our experiments, the spin
dynamics is initialized as described in [12, 13] by first
transferring the sample to |F = 1,m = 0〉 by apply-
ing two microwave π−pulses starting from |F = 1,m =
−1〉. After these pulses, the magnetic field is eventu-
ally ramped down to a final value (typically B = 0.4G
for the experiments described here). Subsequently, colli-
sional spin oscillations take place at each individual lat-
tice site where an atom pair is present. As discussed in
[12, 13], the atom pair prepared with both atoms initially
in m = 0 behaves as a two-level system, and undergoes
Rabi-like oscillations at an effective oscillation frequency
~Ωeff =
√
(~Ω0)2 + (∆ǫ+ Us)2. (3)
Here the coupling strength ~Ω0 = 2
√
2Us and the in-
teraction part of the detuning are both fixed by a spin-
dependent interaction energy Us = U˜(a2 − a0)/3, with
U˜ an on-site interaction energy per Bohr radius aB
[13] and aF the scattering length characterizing scatter-
ing in the total spin-F channel [6, 12]. The quantity
∆ǫ = ǫ+1 + ǫ−1 − 2ǫ0 ∝ B2 corresponds to the differ-
ence in Zeeman energies ǫm between the initial and final
states. Without dressing field, ∆ǫ = (µBB)
2/2~ωhf is
determined by the magnetic field. In the presence of the
dressing field, the Zeeman sublevels shift according to
Eq. (1), so that one obtains
∆ǫ + Us = ~× α(Ω2pi − Ω2res), (4)
where α = (f+1(x)+ f−1(x)− 2f0(x))/4∆ and where the
resonance Rabi frequency Ωres solves
~αΩ2res +
(µBB)
2
2~ωhf
+ Us = 0. (5)
When normalized to the total atom number, the oscilla-
tion amplitude for the lattice as a whole is reduced by a
factor n2, corresponding to the fraction of atom pairs in
the lattice [12, 13]. For our trapping parameters and our
atom number, approximately half of the atoms are in a
central region with two atoms per site (n2 ≈ 0.5) [12].
We have investigated the resonantly dressed spin dy-
namics at a magnetic field of 0.4 G, by varying the mi-
crowave power (or equivalently the dressing frequency),
and recording several periods of spin oscillations for each
power. The microwave field was detuned by several hun-
dred MHz to the red of the hyperfine resonances to sup-
press population transfer to F = 2. Three representa-
tive examples are shown in Fig. 3a, corresponding to
the cases illustrated in Fig. 1: the unperturbed case
(Ωpi ≪ Ωres, squares), the near-resonant case (Ωpi ≈ Ωres,
circles) where the microwave dressing compensates ex-
actly the “bare” detuning, and the overcompensated case
(Ωpi ≫ Ωres, triangles), where the dynamics is blocked
due to the large detuning induced by the microwave
dressing. We have found empirically that the data were
well described by a fitting function of the form
N0
N
= A
(
1− e−γofft)+B cos
(
2π
t
Tosc
)
e−γosct. (6)
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FIG. 3: Spin oscillations at a magnetic field B = 0.4 G. (a)
Spin oscillations without microwave dressing (squares), for a
resonant dressing (circles) and for an overcompensated dress-
ing (triangles). (b) and (c), period and amplitude of the
oscillation (circles), together with a fit to the expected Rabi
dependance.
The second term describes the spin oscillations with pe-
riod Tosc, including a damping term with rate γosc. The
first term describes a slowly varying offset approaching
the value A with a time constant γ−1off .
The measured period of the oscillation is plotted in
Fig. 3b as a function of the Rabi frequency Ωpi of the
dressing field. The period is fitted to the expected
form of the Rabi frequency given in Eq. (3,4) treat-
ing Us, Ωres and α as free parameters. We find good
agreement between the expected 2πα = 0.069 s, Ωres =
2π× 23.4kHz and the measured values 2πα = 0.066(1) s,
Ωres = 2π × 22.8(1) kHz. The “bare” Rabi frequency
Us/h = 10.5(1)Hz is in excellent agreement with an
independent measurement of the spin-dependent colli-
sional coupling, which were done without a dressing field
[12, 13].
In Fig. 3c, we show the oscillation amplitude versus
microwave Rabi frequency Ωpi, together with a fit to the
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FIG. 4: Spin oscillations recorded for a magnetic field B =
1.2 G. Filled circles denote the population in the Zeeman sub-
state m = 0, and hollow circles the sum of the populations in
substates m = ±1.
expected behavior. The fit parameters include the same
parameters α,Ωres as in the previous case, plus an ad-
ditional parameter n2 corresponding to the fraction of
atoms participating in the oscillation. The values for α
and Ωres are consistent with those deduced from the fit to
the measured period. The overall amplitude n2 ≈ 0.40(3)
is slightly smaller than the fraction n2 = 0.5 of atom pairs
expected in the Mott phase. We have performed another
measurement where the atomic sample is held at a mag-
netic field of 1.2G using the dressing field on resonance
according to Eq. (5). The spin oscillation curve shown in
Fig. 4 yields an amplitude of n2 ≈ 0.47(2), much closer
to the expectation than for the B = 0.4G case. We at-
tribute part of this ∼ 15 % reduction in contrast to a
finite ramp time of the magnetic field in the latter case,
inducing a small amount of adiabatic population trans-
fer at the beginning of the oscillation [13]. From the
data shown in Fig. 4, we have also determined the damp-
ing times γosc, γoff and the offset value A, as defined in
Eq. 6. Within our experimental accuracy, we find that
they are independent of microwave power and magnetic
field. The average offset value is A ≈ 0.6, and the av-
erage damping times γosc ≈ 140 s−1 and γoff ≈ 160 s−1.
Although the origin of the damping is not entirely clear,
the fact that γosc ≈ γoff indicates a correlation between
the damping of the oscillations and the rise of the offset.
Possible damping mechanisms can be either local (i.e.
involving only on-site processes) or non-local (involving
tunneling to a neighboring site, particularly effective if
atoms are transferred to excited Bloch bands by heating
processes). On-site damping mechanisms could possibly
be off-resonant Raman transitions between the m = ±1
sublevels induced by the lattice beams. We believe the
limitations of the present experiment to be of technical
origin. In principle, even longer coherence times could
be achieved.
Because of these long coherence times, the technique
presented here could find applications beyond the study
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FIG. 5: Illustration of the proposed scheme to create a ho-
mogeneous MI with only singly-occupied sites starting from a
sample with singly- and doubly-occupied Mott plateaus. Af-
ter half a spin oscillation period, atoms in singly-occupied
sites are transferred into the upper hyperfine level. An-
other half-spin oscillation brings back atoms in doubly oc-
cupied sites to |F = 1, m = 0〉, while a second microwave
pulse is used to transfer atoms in singly-occupied sites to
|F = 1, m = −1〉. Another spin oscillation nearly creates
the homogeneous n = 1 system, the only difference being a
supplementary atom in |F = 1, m = +1〉 in doubly occupied
sites. This can be corrected by transferring these atoms to
F = 2, where a resonant laser beam can be used to remove
them out of the trap.
of spin oscillations. For example, Refs. [17, 18, 19] dis-
cuss how spin squeezing experiments could benefit from
such a control. In Fig. 5, we show how a homogeneous
MI with one atom per site only can be created, starting
from of an inhomogeneous system where Mott plateaus
with n = 1, 2 coexist. This could be important for the
implementation of parallel collisional quantum gates in a
lattice [20, 21], where an inhomogeneous filling degrades
the fidelity of the process (see also [22]). Similarly, one
can produce an array of doubly-occupied sites inm = −1,
as first proposed in [23] (see also [12, 24]).
In conclusion, we have demonstrated resonant tuning
of spin oscillations in optical lattices using an off-resonant
microwave field. This provides dynamical control over
the spin oscillations, which together with the long coher-
ence times enables to use them as a tool for detection,
preparation and manipulation of the quantum state of
the many-atom system. As an illustration, we propose a
filtering technique producing a flat MI with a single atom
per site, starting from a system with singly- and doubly-
occupied sites. From a thermodynamical point of view,
this flat MI would be metastable with a lifetime on the
order of the tunneling time in the system. This method
could also be applied to a thermodynamically stable sys-
tem with only singly-occupied sites in the ground state.
This would help to remove local defects with two atoms
on a site, thus providing a novel cooling technique unique
to the MI state.
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